In this study, thirteen ceramic samples were subjected to dissolution using three different .
Introduction
Inductively coupled plasma-atomic emission spectrometry has been largely acknowledged and extensively used in the multi-elemental analysis of geological samples [1, 2, 3, 4] . More recently, inductively coupled plasma-mass spectrometry is being progressively applied to the analysis of geological materials for the determination of trace amounts of elements [5, 6] .
The two instruments have the same source, the discharge of which can excite either optical emission or ions. Therefore the sample introduction requirements are common to both techniques. Although a range of sample introduction procedures can be used, the usually preferred method is the liquid introduction. In this way, many samples can be quickly analysed and a large number of elements can be simultaneously determined. A critical, as well as, time-consuming step in the scheme of silicates' analysis is the dissolution of the samples. Very often the digestion of silicate samples is incomplete [7, 8, 9, 10] thus affecting the accuracy and precision of the analysis.
All the procedures available for the dissolution of the silicate rocks can be applied on ceramic samples [11] . The most commonly used methods are based on the fusion of the sample or on the dissolution of the sample by acid attack involving the use of hydrofluoric acid.
In the field of Archaeometry, elemental chemical analysis has been widely applied to the study of provenance of archaeological pottery. The method is based on the determination of the highest possible number of major, minor and trace elements in the ceramics under investigation and comparison to ones of known or assumed provenance. Up to date, Neutron Activation Analysis has been the most popular technique in provenance studies, because of its capability to determine simultaneously a large number of elements without sample dissolution. As a result, extensive analytical databanks exist for ceramics, with data available from all over the world and most of the archaeological periods (e.g: www.missouri.edu/~reahn/archdata.htm).
X-ray Fluorescence is also a well established technique for provenance studies, which 4 has the advantage of determining most of the major elements that exist in ceramics.
However, its main disadvantage is that it requires a very large sample in order to determine trace elements. In many cases, in order to obtain the optimum number of elements, both techniques are used, NAA for trace and XRF for major elements. In comparison to NAA and XRF, ICP-OES is relatively new in the field but it is gradually becoming more popular as it combines the determination of major elements with some trace ones [12, 13, 14, 15] . However, the measurement of the rare earth elements by ICP-OES in ceramics is quite problematic, since chemical separation is usually needed before the measurement [16] , thus increasing the cost and the time needed for the analysis. Additionally, the sensitivity of trace element analysis by ICP-OES is influenced by the concentration of calcium and alkali metals [17, 18, 19] that are main components of pottery. The determination of the rare earth elements has been readily achieved by the introduction of ICP-MS, which has recently been recognised as a very powerful technique for the determination of trace amounts of elements, including rare earth elements, in ceramics [20] . It is apparent that the combination of both ICP OES and MS has a great potential for the determination of a very large suite of elements and for this reason their application on provenance of archaeological ceramics is increasing. The main difficulty to overcome, remains a procedure that could be routinely applied for the rapid and complete dissolution of the sample. Provenance studies of ancient pottery involve the analysis of large numbers of samples, therefore the rapidity of the sample preparation stage is essential.
In the present study, thirteen ceramic samples covering a wide range of chemical compositions and mineralogical characteristics were analysed, using for all of them the three commonest dissolution procedures for silicate materials: acid attack in open PTFE vessels, alkali fusion and microwave digestion in PTFE bombs. The reason that ceramic samples are used and not certified reference materials is that fired ceramic reference materials with certified values for trace elements do not exist. The effectiveness of each procedure is evaluated in terms of the closeness of the results to 5 the expected values, in terms of the available number of elements to be determined and in terms of the time needed for the whole scheme of analysis to be completed.
Experimental

Sample selection
Ancient pottery in general was manufactured from very different kinds of clays.
The selection of the clay depended on the intended function of the produced vessels.
Because the use of pottery was very diverse, the chemistry, mineralogy and granulometry of the clays differed to suit the use-related characteristics of the ceramics. Therefore the clays used, contained different amounts of calcium or iron and they originated from diverse kinds of parent rocks (igneous, volcanic or metamorphic), thus bearing different chemical compositions. In this work thirteen samples, representative of different chemical and mineralogical compositions of raw materials were selected so that the effect of the different chemistry and mineralogy on the dissolution of the ceramic could be tested.
In order to investigate the effect of the firing temperature and the kiln atmosphere in the dissolution of pottery, a calcareous clay from Vilafranca de Bonany (Mallorca) was selected from which six briquettes were fabricated. Three of these were fired at 600 0 C, 850 0 C and 1100 0 C in oxidising atmosphere (sample names: Vilox600, Vilox850 and Vilox1100) and the remaining three briquettes were fired at 600 0 C, 850 0 C and 1050 0 C in reducing atmosphere (sample names Vilred600, Vilred850 and Vilred1050). This clay was selected because it is a calcareous clay currently used mixed with other clays for the manufacture of traditional Mallorcan pottery.
For the same reason non-calcareous clay from Pòrtol (Mallorca) was selected as well, and two briquettes were fired at two different temperatures (800 0 C and 1100 0 C) in oxidising atmosphere (sample names Portol800 and Portol1100). This is also a clay currently used for the manufacture of cooking pot vessels in Mallorca. 6 In order to investigate the effect of the different chemical and mineralogical The estimation of the firing temperature of the ancient ceramics was carried out by Scanning Electron Microscopy and X-Ray Diffraction [21] . A summary of the characteristics of the selected samples is given in Table 1 . Table 2 .
Chemical analysis of the samples
A. Neutron Activation Analysis
The values for the accuracy of elements with non-certified values are given for information purposes.
B. X-Ray Fluorescence Analysis
The analysis by X-Ray Fluorescence was performed at the Scientific-Technical
Services of the University of Barcelona. For the determination of the major and minor The NAA and XRF set-ups used for the analysis of the samples in the present study as well as their analytical characteristics are described in more detail by Hein et al [22] .
C. X-Ray Diffraction
The mineralogical composition of the samples was determined by X-Ray Diffraction. The measurements were performed in a Siemens D-500 Diffractometer, working with a Cu K-α Radiation (λ=1.5406Å) and monochromator graphite in the diffracted beam at 1.2 kW (40kV, 30mA). Spectra were taken from 4 to 70 0 2θ at
A description of the mineralogical composition of the samples is given in Table 1 .
The mineralogical composition of the experimental briquettes is presented in three columns, in the first of which the non-plastic inclusions are given in the second the clay minerals and in the third the firing phases. The firing temperatures of the archaeological samples were determined by a combination of X-Ray Diffraction and Scanning Electron Microscopy [21] .
Methods: A. Dissolution in open PTFE vessels
Acid digestion with HF is usually used in combination with a second acid (HNO 3, H 2 SO 4 or more commonly HClO 4 ) to digest silicate geological materials [8, 23] .
When silicon is not to be determined the digestion is performed in open vessels.
During this procedure silicon is lost in the form of its volatile tetra-fluoride and the resulting solution contains a small amount of total dissolved solids, since silicon is usually the most abundant element in silicate samples. In this way more concentrated solutions can be used in order to determine the trace elements. In one single preparation all the major elements except silicon can be determined as well as many of the trace elements.
In the tests performed in the present study approximately 0.15g of exactly weighted dry sample were placed in a PTFE beaker in which 5ml of HNO 3 (65%) and 5ml of de-ionised water -the water used for all the procedures was de-ionised and purified with a mixed resin and filters by Milli-Q ® water system (Millipore)-were added and the beaker was heated in a sand bath for 1h with reflux. The beaker was cooled and 2ml of HClO 4 together with 10ml of HF were added and the solution was left covered for at least 12h at room temperature. Afterwards, the beaker was uncovered and the solution was evaporated almost to dryness. The addition of HClO 4 and HF and the evaporation steps were repeated until all SiO 2 was removed. After all SiO 2 had been removed, 5ml of HClO 4 were added and evaporated to dryness. At the final step the beaker was cooled, and 2.5ml of HNO 3 together with 2.5ml of deionised water were added and heated with a reflux in a sand bath until total salt dissolution. Finally the beaker was cooled and its content was diluted with de-ionised water in a volumetric flask up to 25 ml. All samples were dissolved in duplicates and in some cases, when problems encountered, in triplicates. The procedure was modified in cases of incomplete dissolution of the first replicate and the modifications are mentioned in the results and discussion section.
Before the introduction in the instrument the solutions were diluted 10 times for the ICP-MS analysis and 5 times for the ICP-OES analysis.
B. Dissolution by alkali fusion
Major element analysis of silicates, including the analysis of silicon, is usually performed after the digestion of the sample by fusion. Several fluxes had been used in the past mainly sodium carbonate and sodium hydroxide but because they exclude the possibility of the determination of sodium, the fusion using lithium metaborate as a flux finally prevailed [24, 25] . The fusion using this flux became popular in the dissolution of silicates for the analysis by ICPS [26] . This procedure is effective for the dissolution of all major rock-forming silicates as well as many accessory minerals [27, 28] . Silicon is retained in the solution so all the majors can be determined from one preparation. The level of the total dissolved solids in the resultant solution is high since the flux-sample ratio is kept between 5:2 and 7:1 [25] . This creates problems in the nebulisation system of the instrument since it clogs the nebuliser. In order to minimise the signal drift and to optimise the precision during the analysis by ICPS, the solutions should contain a total dissolved solids amount of 1-2% for ICP-OES and 0.1-0.2% for ICP-MS. This requirement restricts the number of the trace elements that can be determined since the solutions are subject to high dilutions.
In the present study, to overcome the problem of the high dilutions that reduce the number of the trace elements that can be determined, some trials were attempted for the use of a lower flux-sample ratio and finally the ratio used was 2:1.
Approximately 0.1g of exactly weighted dry sample were placed in a platinum crucible. The flux was added double the quantity of the sample and the crucible was inserted in a furnace where it was fused at 1100 0 C. After the crucible was removed from the furnace, it was cooled and 3ml of HNO 3 (65%) together with 3ml of deionized water were added and it was then heated with stirring until total dissolution of its content. At the final step, its content was diluted with de-ionized water up to 100ml.
Before the introduction in the instrument the solutions were diluted 10 times both for the ICP-MS and the ICP-OES
C. Microwave digestion
The method of dissolving silicate materials by microwave digestion has been introduced and tested lately, and the outcome has been encouraging because the dissolution could be achieved in a relatively short time with a satisfying accuracy [7, 9, 29] . The procedure proved to be effective in the extraction of numerous elements from soils and sediments [6] as well as in dissolving minerals resistant to acid attack in open beakers, because of the high temperature and the high pressure attained.
However, for the total dissolution of geological samples the final steps of the procedure usually involved the evaporation of the content of the digestion vessels to dryness so that silicon is lost and the addition of more HClO 4 and evaporation to dryness for the removal of the fluoride ions [7, 9] . This way the procedure resembles a lot the procedure of the acid attack in open beakers.
In the present study, to differentiate the procedure from that in open beakers, the approach was to use the microwave digestion for the total dissolution of the ceramic samples avoiding the last steps of evaporation, so that Si could also be determined and the time of the procedure would decrease.
Approximately 0.1g of exactly weighted dry sample were placed in a PTFE bomb, where 3ml HNO 3 (65%) and 10ml HF (48%) were added. The bomb was closed and inserted in a laboratory microwave oven (Microwave oven program: 6min at 600W, 1min at 0W, 5min at 400W, 6min at 600W, 2min at 0W, 5min ventilation). When the program was over the bombs were cooled in a wind current and they were opened. To neutralize the remaining HF, 2.5g of H 3 BO 3 were added in each bomb and after they were closed, they were reinserted in the microwave oven [30] (Microwave oven program: 3min at 250W, 2min at 0W, 3min at 400W, 3min at 600W and 2min ventilation). At the final step the bombs were cooled and their contents were diluted up to 50ml with de-ionized water.
Before the introduction in the instrument the solutions were diluted 50 times both for ICP-MS and ICP-OES.
Instruments and calibration:
The measurements for ICP-OES were performed by the Thermo Jarrell Ash spectrometer (simultaneous and sequential), with a 27.12 MHz RF-generator and working power between 750-1750 W.
The calibration of the instrument was carried out using 1M HNO 3 given for information purposes.
The analytical characteristics of both ICP-OES and ICP-MS set-ups used in the present work are described in detail by Hein et al [22] Results and discussion
As mentioned in the introduction, Neutron Activation Analysis and X-Ray
Fluorescence analysis are very well established and routinely used in the chemical characterisation of pottery, especially for provenance studies. The precision and accuracy of the specific set-ups used in the present study were tested and presented in Tables 2, 3 , 5 and 6. In Table 2 the values for the precision for the NAA set-up are
given. As it can be seen the precision, expressed as the percent standard deviation, was below 6% except for U, Ca and Tb for which it is slightly higher. The accuracy given as the % deviation from the certified values is at the range of 9% or lower, with the exceptions of Ce, Cr, U and Yb for which the reported values by NIST are not certified anyway. The analysis by XRF gave values with high precision for the majority of the elements (less than 5%) with the exception of Ni (Table 3 ). The accuracy is usually around 10%, with the exceptions of Na 2 O and Ni. Both the precision and accuracy values for the analysis by ICP-OES are at the order of 5% (Table 5 ). The same is valid for the analysis by ICP-MS (Table 6) analyses were performed proved that the differences among the values obtained by the three techniques for the common elements determined are within a ±20% range [22] .
Acid attack in open beakers
In Figure 1 the recoveries from the acid attack in open beakers for the archaeological samples (MPY93/26, S-13, 120-B, CS-26 and GE-076) are given. As it can be seen the majority of the elements were recovered well with all the values lying within the range of 100±20%. Zirconium as might be expected gives low recovery values for the majority of the samples. It is known that the mineral phases containing this element are particularly insoluble in concentrated acids even after days of digestion in considerably high temperatures and pressures [31] . As a result, most of the Zr content in the ceramic sherds cannot be taken into solution by the HF/HClO 4 attack [32] .
Another element with a low recovery value is Ni in the sample CS-26. This is probably due to the very low Ni content in the sample, which is actually the lowest of all the samples (4ppm) and very close to the detection limit of the ICP-OES set-up by which it was determined (Table 5 ).
Chromium was recovered reasonably well (all the values are within the 100±20% range) from the samples with a relatively low content. The lowest Cr recovery value (78%) concerns sample MPY93/26 that exhibits a very high Cr content (almost 1000ppm) the highest of all the samples and is suspected to contain chromite (due to its ultrabasic mineral content that was determined by thin section petrological examination), which is known to be resistant to acid attack.
Though the recoveries for most of the rare earth elements determined (La, Ce, Nd, Sm, Eu, Tb) were excellent (88%-106%) the recoveries yielded for Yb and Lu were low (50%-81%) for the sample Ge-076. The phenomenon of the low recovery for Yb and Lu after acid digestion has been observed before and it was attributed to the very low solubility of the REEF 3 species, which is controlled by ionic radius. The recovery for the trivalent group of the REE declines with the decrease in ion radius.
Additionally, in the presence of major elements that can act as carriers, the REE 3+ can be trapped into the Al 3+ site or they can form MgREEF 5 (or CaREEF 5 ) species, which precipitate [33] .
The recovery of Th is very good for all the samples. The recovery of U is low for 3 of the samples (MPY93/26, CS-26, GE-076). The low recovery of U is probably due to trapping of the element in divalent cation sites of major elements that form fluorides that precipitate [33] .
The picture for the clay samples ( Figure 2 ) is quite similar to the one of the archaeological samples. The low recoveries concern again the elements Zr, Yb, Lu and U. In the case of the clay samples of Figure 2 the low recoveries for the above mentioned elements are more systematic. In fact, the samples in this graph were more difficult to dissolve than the archaeological samples and produced nebulous solutions after repeated evaporations. Even after evaporating them 3 times with 5ml HClO 4 the resultant solutions were still nebulous though better than after one evaporation with
The main difference between the two figures is that in Figure 2 the Co value is missing. As mentioned above the known values for the clay samples correspond to the briquettes fired at 950 0 both for the calcareous and the non-calcareous clay. Before the dissolution all the briquettes were powdered in a tungsten carbide cell that induces Co and W contamination to the powdered sample. Because the value of Co was suspected to be contaminated and was not measured in the clay samples before the dissolution, this element was not included in the recovery diagrams of the clay samples for all the dissolution procedures.
Alkali fusion
In Figure 3 , the recoveries of the archaeological samples after the dissolution by fusion with lithium metaborate, are shown. The recoveries for all the elements lie within the range 100%±20%. Exception is the Ni value for sample 120B. The Rb recovery is relatively high for the sample MPY93/26 and the Cs recovery yield is low for the sample CS-26. The recovery of U for the samples CS-26 and GE-076 is low.
In general the dissolution by alkali fusion is a very effective procedure for dissolving rocks and mineral phases that are resistant to acid attack. Nevertheless, for the analysis of the resultant solutions by ICPS there exists a prerequisite that makes the analysis of these solutions problematic. The total dissolved solid content (TDS)
should be less than 2%. This is usually not feasible for this method since the flux (lithium metaborate) is used in a proportion 7-10 times the weight of the sample in order to achieve complete dissolution. In order to avoid this problem in this work, some preliminary tests were performed with variable flux to sample proportions. The flux to sample ratios examined here, were 4:1, 3:1 and 2:1 It was found in these tests, that a flux to sample ratio of 2:1 would be enough to completely dissolve most of the samples and it was the ratio used in the experiments. In this way the TDS content would be low and the problems of clogging and matrix effects would be avoided.
Additionally, the solutions would not need many dilutions so they would be concentrated enough for the traces to be determined.
The low recoveries of some of the elements for the above mentioned samples are most probably due to the low flux to sample ratio. It seems that the flux quantity, for the specific samples, was not enough to achieve complete dissolution.
The observations are very similar for the recoveries of the clay samples shown in Figure 4 . The low recoveries of some of the elements are most probably the result of the insufficient flux to sample proportion.
In general the results in the solutions after the dissolution by fusion were very good for both the major and the trace elements and for all kinds of samples.
Microwave digestion
In Figure 5 the recoveries of the elements of the archaeological samples are shown after the dissolution by microwave digestion. As it can be seen problems were encountered in the determination of both major and trace elements.
A similarly bad picture is seen in Figure 6 where the recoveries of the clay samples are given, after their dissolution by microwave digestion.
The bad recovery values in both graphs can be attributed either to the incomplete dissolution of phases resistant to acid attack or to the precipitation of elements that form insoluble fluorides. Another aspect that should be taken into account is the possibility of facing matrix effects.
Many of the solutions after the completion of the procedure were nebulous and they became transparent only after the complementary addition of H 3 BO 3 .
In both Figure 5 and Figure 6 what strikes the attention is the low recovery of many of the major elements. Nevertheless, the recovery of Ca is good though one would expect that it would show the largest discrepancy owing to the insoluble nature of calcium fluoride. Because the majority of the samples under examination contained a low Ca content this discrepancy is not observed. The sample S-13 with the highest Ca content shows the highest discrepancy. In general, the phenomenon of the low recovery of the major elements is due to the formation of insoluble fluorides of these elements that precipitate. The addition of 2.5g of H 3 BO 3 proved not to be enough for many of the samples in order to bind the remaining HF after the digestion. Therefore, in these cases, more boric acid was added in the solutions that were heated with stirring. Although these solutions became transparent and the major elements were determined with good recoveries, the determination of the trace elements was still problematic. While the further addition of H 3 BO 3 helped in dissolving the major element fluorides resulting in good recoveries for these determinations by ICP-OES, it created many matrix effects, because of the high TDS content of the resultant solutions, for the determinations of the trace elements by ICP-MS.
Matrix effects create problems in the elemental determinations especially in ICP-MS [34, 35, 36] . Many studies have been carried out on these effects [37, 38] and they report that several factors can provoke suppression or enhancement of the analyte signal [31, 38] . More specifically, it has been reported that especially calcium and the alkali metals [39] can cause severe enhancements of the analyte signals that also depend on the operating conditions of the instrument. These enhancements can be removed only after about two hours of running alkali free solutions.
Probably, such enhancements were provoked by matrix effects in the solutions resulted after the microwave digestion and the further addition of boric acid, giving high recovery values for some elements.
It needs to be taken into account that the studies mentioned above were performed in solutions possessing a matrix much simpler than that of a ceramic sample. The complex matrix of a pottery sample containing such an excess of major and incompatible trace elements could potentially be responsible for severe matrix effects that should be further studied.
Conclusions
The scope of this study was to compare different procedures for dissolving ceramic samples and to examine the effect that the composition and firing temperature of the sample would have on its dissolution. As far as the effect of the firing temperature on the dissolution of ceramic samples is concerned, it seems that it is not significant. The problems encountered concern rather specific elements than specific samples.
Especially in the case of the archaeological samples, they were all (low and high fired) well dissolved either by acid attack in open vessels or by alkali fusion.
Additionally, neither the Ca content of the sample nor the firing atmosphere seems to affect its dissolution.
The acid attack in open beakers achieved good results for all the samples both low and high-fired. Nevertheless, it is a very time consuming procedure and the results are not guaranteed. Especially when there are phases that are resistant to acid attack (Zr, Cr) the complete dissolution of the sample cannot be achieved. Furthermore problems are encountered in the determination of the rare earth elements the recoveries of which depend on their ionic radius and the content of the sample in major elements.
Additionally, Si cannot be determined since it is lost during the evaporations.
The fusion with lithium metaborate gave very good results for all types of samples.
All the rare earth elements that are the most important when provenance studies of pottery are undertaken, were determined very well. The problems encountered in the determination of some elements in specific samples are most probably due to incomplete dissolution of these samples because a very low quantity of flux was used 20 so that the matrix of the resultant solution would be simpler. Using a slightly higher amount of flux (3 times instead of 2 times the sample weight) and a higher heating time could overcome this problem. The additional advantage is that all the major and trace elements can be determined in one preparation. In the tests presented above the dissolution by fusion proved to be independent to the mineralogical and chemical Table 3 Precision, accuracy and lower detection limits for the analysis by X-Ray Table 5 .
Precision, accuracy and lower detection limits for the analysis by Inductively
Coupled Plasma-Optical Emission Spectroscopy. Table 6 .
Precision, accuracy and lower detection limits for the analysis by Inductively
Coupled Plasma-Mass Spectroscopy. Recoveries after the fusion with LiBO 2 of the samples Vilre600, Vilred850, Vilred1050, Vilox600, Vilox850, Vilox1100, Portol800 and Portol1100. Recoveries after the microwave digestion of the samples Vilred600, Vilred850, Vilred1050, Vilox600, Vilox850, Vilox1100, Portol800 and Portol1100. 
